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Malondialdehyde (MDA) is the commonly accepted biomarker of lipid
peroxidation. We reported the surface-enhanced Raman (SERS) detection of MDA using
Thiobarbituric acid (TBA) as a molecular probe. The lowest concentration of HPLC
purified TBA-MDA adduct that can be determined with reasonable signal to noise ratio is
0.45 nM. The specificity of the SERS technique has been demonstrated by comparing the
SERS spectrum of TBA-MDA adduct with other TBA-aldehyde adducts.
As a small organosulfur compound, TBA exhibits tremendous structural
complexity. Discussed in this thesis is the drastic pH and concentration dependence of
TBA SERS spectral features. To understand the origins of the TBA SERS spectral
variations, UV-Vis spectra of TBA were also acquired under same experimental
conditions of SERS. Density function calculations (DFT) were performed for different
TBA tautomers with different charge states to facilitate the SERS spectral interpretation,
allowing us to speculate the type of tautomers dominating the nanoparticle surfaces.
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CHAPTER I
INTRODUCTION TO RAMAN SPECTROSCOPY
1.1

Introduction
The Raman phenomenon was first discovered by the Indian scientist C.V. Raman

in 1928. For this discovery, he won the Nobel Prize in physics in 1931. Raman
spectroscopy is a scattering technique that employs monochromatic light as the excitation
source.1, 2
The main focus of this work is on Raman spectroscopy, especially surfaceenhanced Raman spectroscopy, a widely used analytical technique. This chapter begins
with a brief introduction on Raman spectroscopy and surface-enhanced Raman
spectroscopy.
1.2

Theory of Raman effect
In the Raman scattering phenomenon, molecules are first excited to a virtual state,

which is not quantized. When the excited molecules return the ground electronic state
through light scattering, the frequency of some of the scattered radiation is different from
the excitation frequency, such frequency shifts are characteristic of the probed molecules.
This inelastic light scattering is called the Raman effect.1, 2
The Raman effect results from the molecular deformations triggered by laser
illuminations. In fact, according to the Raman selection rule, in order to be Raman active,
the first derivative of the polarizability of a molecule must be nonzero at the equilibrium
configuration during the vibrational motion (i.e. 1

Vibrations corresponding

to transition ∆ = ±1 are called fundamental Raman modes, while the ones corresponding
to ∆ = ±2 are referred to as overtone bands which are usually much weaker in the
Raman spectrum.1, 2
1.3

Wave model of Raman and Rayleigh scattering
When an analyte is illuminated with laser radiation, the electric field of the

radiation interacts with the molecular electron cloud of the analyte, inducing a dipole
moment.2
(1.1)
Where,
P

- Induced dipole moment

α

- Polarizability of molecule

E

- Electric field strength of excitation wavelength

The electric field at any given moment of electromagnetic radiation with a
frequency of

0 can

be expressed as the following:2

)

(1.2)

Where,
E0
0

t

- Amplitude of the electric field
- Frequency of incident radiation
- Time

The polarizability varies with bond length as follows:2
(1.3)
Where,
2

α0

- Polarizability of the bond at the equilibrium internuclear separation

α

- Polarizability at any instant

req

-Equilibrium internuclear separation

r

- Internuclear separation at any instant

Internuclear separation is related to the frequency of molecular vibrations.2
(1.4)
Where,
rm
v

- Maximum internuclear separation
-Frequency of the molecular vibration

Therefore,
(1.5)
Therefore the induced dipole moment can be written as:

(1.6)

Depending on the difference in the frequency between the scattered and incident
light, the scattered light is classified as Rayleigh, Stokes, or anti-Stokes Raman scattering
which corresponds to the first, second, and third term in the above equation, respectively.
The energy differences between the incident and each type of scattered light described
above corresponds to the energy differences between a vibrational energy level of the
molecule.1, 2

3

1.3.1

Rayleigh scattering
The first part of the above equation explains the Rayleigh scattering. This arises

because of an elastic interaction between the photon and the molecules. Since all the
molecules have nonzero polarizability, they are all capable of inducing Rayleigh
scattering. The scattered radiation has the same frequency as excitation laser.2

Figure 1.1
1.3.2

Rayleigh scattering.

Stokes scattering
The second part of the above equation describes the Stokes scattering. Stokes

scattering occurs when the molecule that is at the ground electronic and vibrational state
is first excited to a virtual state and then relaxes by emitting a Raman photon to the
ground electronic state, but to an excited vibrational state (Figure 1-2). Therefore the
scattered radiation has lower frequency than the incident radiation. This is known as
Stokes shift.2
(1.7)
Where,
4

∆
0

- Excitation frequency

m

- Frequency of Raman active mode

Figure 1.2
1.3.3

- Stokes shift

Stokes scattering

Anti-Stokes scattering
The last part of the equation describes the anti-Stokes scattering. When a Raman

active molecule, which is already in the excited vibrational state of the ground electronic
state, is excited to a virtual state, it can emit a Raman photon and return to its ground
vibrational state of the ground electronic state (Figure 1-3). Since the energy of the
incident photon is lower than the scattered photon, the frequency of the Raman photon is
higher than the frequency of the incident light. The Raman scattered radiation exhibits a
higher frequency than the frequency of incident light. 2

5

Figure 1.3

Anti-Stokes scattering.
(1.8)

Where,
∆

- Anti-Stokes shift

0

- Excitation frequency

m

- Frequency of Raman active mode

Only Stokes and anti-Stokes scattering exhibit frequency shifts. Therefore they
are responsible for the Raman effect. The Raman shift defines the position of the Raman
line in the Raman spectra which can be calculated using the following formula for each
type of shift:1
For Stokes shift,

(1.9)

For Anti-Stokes shift,

(1.10)

For Rayleigh shift,

(1.11)

Where,
6

∆

- Corresponding Raman shift in wave numbers

λ0

- Incident wavelength in Angstrom

λm

-Wavelength of Raman line in Angstrom

Since the fraction of molecules in the ground vibrational state of the ground
electronic state is larger than that in the first excited vibrational state of the ground
electronic state, the Raman signal of Stokes shift is more intense than the anti-Stokes
Raman shift. As a result, Stokes lines are generally measured in practice. On the other
hand, the Stokes Raman signal can be plagued by fluorescence background interferences;
these interferences can be particularly serious for biological samples. Since the
fluorescence photon is always at lower energy than the excitation photon, fluorescence
interference in a Raman spectrum can be avoided by measuring the anti-Stokes Raman
shift.1- 3
1.4

Comparison with Infrared spectroscopy
Infrared and Raman spectroscopy both measure the vibrational energies of

molecules, but these methods rely on different selection rules. The mutual exclusion
principle states that for molecules with a center of symmetry, Raman and IR active
vibrations are mutually exclusive. (i. e.- Raman active vibrations are IR inactive and vice
versa). For noncentrosymmetric molecules, many vibrations are both IR and Raman
active.1, 2
Raman spectroscopy has many advantages over IR spectroscopy. The key
advantage of the Raman spectroscopy is that water can be used as the solvent for the
analytes that are water soluble because the Raman signal of water is very weak in
comparison to its IR signal. Second, glass or quartz containers can be used as sample
7

holders for the analytes which have the Raman signal in the visible or near-IR region
because Raman scattering of glass or quartz is insignificant in this region.2 Third, a
Raman spectrum is much simpler than an IR spectrum of the same sample because the
overtone and combination bands are usually very weak in a Raman spectrum.2
The biggest disadvantage of Raman spectroscopy is that the Raman signal of most
analytes is weak which makes it difficult to measure low concentrations of an analyte.
Second, because of the high intensity of Rayleigh signal, the detection of Raman signal
with a frequency close to the laser line is not accurate because the Rayleigh signal can
obscure the Raman signal.2 Third, Raman spectroscopy requires a source with high laser
energy because of the weak Raman signal. In order to obtain highly intense Raman
signal, we can use a high laser frequency close to UV region. However, the absorption of
ultraviolet radiation close to the electronic absorption of the molecule often causes
fluorescence and photodecomposition of sample.2 Fourth, the secondary absorption of the
scattered radiation of an analyte molecule by the matrix components or the other analyte
molecules results in distortion of band shapes.2
1.5
1.5.1

Surface-enhanced Raman spectroscopy
Introduction
Surface-enhanced Raman spectroscopy (SERS) is also known as surface-

enhanced Raman scattering in which an enhanced Raman signal is observed for
molecules adsorbed onto roughened noble-metal surfaces.4 Since its discovery in the
1970s, SERS has attracted tremendous research interests for its potential in ultrasensitive
analyte detection.2, 5-9 While significant progress has been made in SERS theory and
SERS substrate fabrications in the past few decades, practical SERS application in
8

detection of biologically or biomedically relevant molecules has been very limited,
presumably due to low SERS activity of most biomolecules.2, 5-10 To be SERS active, the
target molecule has to be physically adsorbed or covalently bonded to a SERS active
surface such as a gold or silver nanoparticle surface.10 Such a characteristic, on one hand,
poses a significant limitation on the general applicability of the SERS technique; on the
other hand, it imparts great selectivity of the SERS-based analytical method in which
only molecules with a binding affinity for a gold or silver surface can be detected.2, 5-9
1.5.2

Theory of surface-enhanced Raman spectroscopy
The origin of the SERS signal enhancement of an analyte is generally explained

by two mechanisms: electromagnetic enhancement and chemical enhancement. Both of
these enhancements work independently, but for an adsorbate-nanoparticle complex, both
effects come into play as a multiplicative effect.4, 6
1.5.3

Electromagnetic enhancement
The localized surface plasmon is defined as the electron cloud confined to the

area near the metal surface.4, 6 When irradiated with light of a suitable frequency, the
surface plasmon resonates with the external field which enhances the electromagnetic
field of the incident light. This is known as electromagnetic enhancement theory of SERS
signal.4, 6 Using Rayleigh approximations, it was shown that the induced electric field at
the spherical metal surface is related to the dielectric function of the metal and the sample
medium as follows:6
(1.11)
Where,
9

ε1 (ω) - Complex frequency-dependent dielectric function of metal
ε2

- Relative permittivity of the ambient phase

According to the above equation, the magnitude of the signal enhancement
depends on the dielectric constant of the metal nanoparticle. Since the real portion of the
dielectric constant of the metal nanoparticles depends strongly on the excitation
wavelength, the magnitude of the enhancement is wavelength dependent.4 In fact, the
maximum enhancement occurs at the resonance frequency.4
Where,
(ε1) = -2ε2

(1.12)

When the surface plasmon is excited with the resonance frequency, the molecule
adsorbed onto the nanoparticle surface will experience a greatly enhanced local field
which enhances the Raman signal of the analyte adsorbed onto the nanoparticle surface.
Similarly the electric field of the Raman photon can also be enhanced through surface
plasmon resonance. As a result, the total enhancement factor of the SERS signal for the
4, 6

molecules on the nanoparticles can be expressed as:
Where,
Einduced/laser

- Induced electric field strength of incident radiation outside the
particle

Einduced/Raman

- Induced electric field strength of Raman scattered radiation
outside the particle

When the Stokes shift is small, the term

-

for both the incident and the

scattered field are the same at approximately the same wavelength. Therefore using these
approximations, an equation can be written for the theoretical SERS electromagnetic
enhancement factor for small Stokes shifts,
10

(1.13)
Where,
EMEF

- electromagnetic enhancement factor

Einduced/laser

- Induced electric field strength of incident radiation outside the
particle

Einduced/Raman

- Induced electric field strength of Raman scattered radiation
outside the particle

Elaser

- Electric field strength of incident radiation

The term

is commonly referred to as E4 enhancement. For spherical

nanoparticles, the term E can be approximated to 10. Then the magnitude of the
theoretical electromagnetic enhancement of SERS signal is 104.4
The electromagnetic enhancement of the SERS signal is critically dependent on
the distance between the analyte and the SERS active metal surfaces. It was shown that
the enhancement factor drops rapidly as the distance between the molecule and
nanoparticles increases.4, 6, 11
i) For a single molecule6

(1.14)

ii) For a monolayer6

(1.15)

Where,
G

- Enhancement fall off

r

- Radius of sphere

d

- Distance between the molecule and the surface of nanoparticle
11

Different types of substrates are used in SERS analysis. The selection of a SERS
substrate depends on the plasmon resonance frequency of the material. Visible and nearinfrared radiations are generally used in excitation of an analyte. Plasmon resonance
frequencies of the metal nanoparticles, such as gold, silver, and copper, belong to these
regions, providing the maximum surface enhancement.4 In addition, there are many
advantages of using gold nanoparticles as a SERS substrate including reducibility of
surface characteristics, stability, compatibility with biomolecules, and the ability to tune
the characteristics of the surface by controlling particle size and shape.4 Other types of
SERS substrates include alkali metals, electrode surfaces roughened by oxidationreduction, island films deposited on glass surfaces at elevated temperatures, films
deposited by evaporation or sputtering in vacuum onto cold substrate, single ellipsoidal
nanoparticles, etc.6 The SERS enhancement factor of a SERS active site depends on the
shape and orientation of nanoparticles. In spite of its ultrahigh sensitivity to selective
molecules such as rhodamine dyes, quantitative application of SERS is unreliable due to
variations in the SERS activities of the substrate.4
1.5.3.1

Chemical enhancement
It is commonly believed that the chemical enhancement provides one or two

orders of magnitude of signal enhancement to the Raman intensity. Compared to
electromagnetic enhancement, chemical enhancement is much less well-understood. It is
believed that in order to experience chemical enhancement, the molecule has to be in
direct contact with the SERS substrate surface. Two hypotheses were proposed to
describe the mechanism of the chemical enhancement as illustrated in Figure 1-7:6

12

(a) The energy gap between the electronic states of the adsorbate is largely broadened
by their interaction with the surface.
(b) New electronic states arise from the chemisorptions and they serve as resonant
intermediate states in Raman scattering.

Figure 1.4

Proposed energy level diagram for a molecule adsorbed onto a metal
surface.

Notes: The energy gap between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is broadened by their interaction
with the metal states; orbital occupancy is determined by the Fermi energy.
Possible charge transfer excitations are shown.6 The experimental observations to
date support the second hypothesis. This hypothesis is very much like a resonance
Raman effect. Due to the chemisorptions of the molecule onto the nanoparticle
surface, the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the adsorbate are symmetrically
distributed in energy with respect to the Fermi level of the nanoparticles. Then a
new resonance intermediate state appears that has a higher Raman cross section
than the analyte when the analyte is not adsorbed onto the surface. As a result, a
charge transfer can occur between the metal and the adsorbate at half of the
intrinsic intra-molecular excitation of the probed molecule. The excitation energy
of most SERS active molecules lies in the near-ultraviolet region; hence the
electronic excitation of the adsorbed molecules falls in the visible region of the
electromagnetic radiation.6
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The electromagnetic enhancement is apparently, and should be, chemically
nonselective. This provides that if only electromagnetic enhancement exists, the
magnitude of the enhancement of the SERS signal should be similar for two different
analytes with similar polarizabilities when they are adsorbed onto the same type of metal
surface. Also the magnitude of the enhancement of SERS signal could not depend on the
orientation of adsorption. As a result, definitive determination of the electromagnetic
enhancement requires detailed information about the molecular structure and
conformation of the analyte on the SERS substrates.6
For practical purposes, the overall SERS signal enhancement factor can be
calculated for single excitation wavelength:

(1.16)

Where,
EFoverall

- Enhancement factor

ISERS

- surface enhanced Raman Intensity

Nsurf

- Number of molecules bound to the nanoparticle surface

INRS

- Normal Raman (NRS) intensity

Nvol

- Number of molecules in the excitation volume

In addition to the overall enhancement factor, there are several other variables that
affect the SERS intensity of the analyte signal. The following equation contains all the
possible factors that dictate the intensity of a SERS signal:4, 12-14
(1.17)
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Where,
I( s)

- SERS intensity at Stokes frequency

N

- Molecule surface density

A

- Excitation area

s
Ω
dσ( s)/ dΩ
PL( 0)
( 0)

-Stokes frequency
- Solid angle of photon collection
- Raman scattering cross section
-Radiation flux at the excitation frequency
-Excitation frequency

E( 0)

-Energy of incident radiation

Q( s)

- Quantum efficiency of detector

Tm

- Transmission efficiency of spectrometer

T0

-Transmission efficiency of collection potics

EFoverall

- Overall SERS signal enhancement

Compared to NRS, SERS is much more sensitive. However, it suffers from
several important limitations that include: difficulty in SERS spectral interpretation, high
variations in the SERS signal intensity, nonlinear dependence of SERS intensity with the
concentration of analyte, and strong susceptibility of spectral features to trace level
contamination that has stronger binding affinity to the SERS substrates.4, 15, 16
1.6

Summary
The focus of this chapter is to explain the basics of Raman spectroscopy and

surface-enhanced Raman spectroscopy. The description of the principles that govern

15

NRS and SERS will be useful in understanding the SERS-based work described in
Chapter 2 and 3.
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CHAPTER II
DETECTION OF MALONDIALDEHYDE (MDA) USING SURFACE-ENHANCED
RAMAN SPECTROSCOPY
2.1

Introduction
Malondialdehyde (MDA) is the most widely accepted biomarker of lipid

peroxidation. Elevated levels of MDA are mutagenic or carcinogenic to humans.1-4 It
causes cell aging and diseases such as cancer, atherosclerosis, and inflammation.2, 5-12 In
the food industry, MDA content is considered the index of rancidity that affects the off
flavor of food.2, 5, 6, 13-17
The most widely used method for determination of MDA level is TBA assay. It
includes the reaction of MDA with thiobarbituric acid (TBA) followed by UV-Vis or
fluorescence detection of HPLC-purified TBA-MDA adduct.2, 5, 8, 18 According to the
reaction Scheme A shown in Figure 2-1,21 2 mols of TBA react with 1 mol of MDA at
100 oC in strongly acidic medium (pH 3.3-3.7)6 and produce a red or pink colored TBAMDA adduct that has a characteristic UV-Vis absorbance at 532nm (ε = 153000 M-1cm-1)
22

(Figure 2-2) and characteristic fluorescence emission at 553 nm. 5, 6, 23, 24
The major drawback of this method is lack of specificity and selectivity because

TBA can also react with other compounds such as aldehydes, sugars, sialic acid, proteins,
pyrimidines, bilirubin, and biliverdin and produce chromogenic compounds that interfere
with the detection of MDA using UV-Vis or fluorescence-based methods.1, 2, 23, 25 For
example, aldehydes react with TBA in a 1:1 ratio producing yellow and orange color
18

adducts as shown in the reaction scheme B in Figure 2-1.26 Different aldehydes exhibit
different reactivity towards the TBA assay. Table 2-1 shows the colors and UV-Vis
absorbance of some of the TBA-aldehyde adducts that often interferes with the UV-Vis
quantification of TBA-MDA. Hence total thiobarbituric acid reactive compounds
(TBARCs) are often considered in evaluation of oxidative rancidity.27, 2 In addition, the
fluorescence–based methods are also not widely used for the determination of TBAMDA adduct because there are interfering compounds present in the biological samples
that fluoresce at 553 nm. Those interfering compounds that present in the food and
biological samples lead to the over estimation of lipid peroxidation.2

Figure 2.1

Scheme of (a) TBA-MDA reaction and (b) TBA reaction with general
monoaldehyde.
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Figure 2.2

UV-Vis spectrum of TBA-MDA adduct.

In order to increase the specificity or selectivity, several modifications have been
made to the original TBA assay. In order to get rid of the effects from the compound such
as anthocyanin, which has absorbance at 536 nm, a blank absorbance in the absence of
TBA is usually subtracted from the sample that contains TBA reagent.29 In addition,
interference from sialic acid can be removed by carrying out the TBA reaction in
phosphoric acid or trichloroacetic acid-HCl medium followed by the subtraction of
absorbance at 572 nm absorbance for sialic acid.2, 25 HPLC separation can be carried out
prior to the UV-Vis or fluorescence measurement to prevent the over estimation of MDA
levels,23 but there are some adducts of TBA such as formaldehyde, acetaldehyde,
propanal, and hexanal which can coelute with TBA-MDA adduct in HPLC separation.
Also there are compounds such as glycine-MDA, methionine-MDA, and dianil-MDA
that have the MDA moiety that reacts with TBA giving red or yellow adducts that can
also coelute with TBA-MDA adduct.23, 25 In order to minimize the interferences from
sugars, n-butanol extraction at pH less than 0.75 can be performed with complete
recovery to separate the TBA-MDA adduct.2, 6 In this method, the n-butanol is evaporated
20

under nitrogen at 37 oC and then redissolved in water prior to the determination.2, 6
Nevertheless, these modifications to TBA assay do not increase its sensitivity
significantly. Thus TBA assay with UV-Vis or fluorescence-based quantification is
considered to be less sensitive. The most recently reported best sensitivity is 36 nM for
HPLC-purified TBA-MDA adduct with fluorescence determination.18 On the other hand,
biomedical samples always need to handle small detection volumes. Therefore a method
based on sensitivity, high specificity, or selectivity is of great significance in biological
and biomedical samples.
Table 2.1

UV-Vis absorbance of TBA-aldehyde adducts
Compound

Acetaldehyde
benzaldehyde
butyraldehyde
Pyrimidine
Pyrimidine derivative
trans-2-hexenal
2,4-hexadienal
2,4-heptadienal
formaldehyde
heptanal,
trans-2-hexenal,
2-undecenal
crotonaldehyde

UV-Vis absorption of the
TBA adduct
450 and 53027
45228
4501
5321
440-4451
4951, 28, 27, 2

Color of the TBA adduct

440-4451

White

45027, 2

yellow

530, 450, and 49427, 2

yellow

Brown
Yellow
Yellow
Red
White
Orange

Raman spectroscopy, including SERS, significantly advanced the study of
biological samples because of small detection volumes, less interference from water, high
specificity, and selectivity of spectrum for its conformation and environment.30, 31 This
21

thesis presents the detection of MDA using TBA/MDA reaction with surface-enhanced
Raman spectroscopy as an analytical tool. SERS detection is amendable for molecules
with terminal thione or thiol containing molecules because the SERS substrates such as
gold and silver have high affinity for sulfur.31, 32 Unlike other TBA-aldehyde adducts,
TBA-MDA adduct has two thione groups which exhibit the high selectivity and
sensitivity towards the SERS determination in their competitive binding characteristics.33
2.2
2.2.1

Experimental design
Materials and equipment
All chemicals used in the following experiments were purchased from Sigma

Aldrich (St. Louis, MO). SERS spectra were acquired using the LabRam HR800 (Horibra
Jobin-Yvon) confocal Raman microscope system with 632.8 nm HeNe laser. Using high
numerical aperture objective the laser light is focused and collected at 180o angle. It has a
1024 x 256 pixels multichannel CCD detector. The Ramchip slide used as the sample
holder for SERS acquisition was purchased from Z&S Tech LLC. UV-Vis spectra were
acquired using Fisher Scientific Evolution 300 UV-Vis spectrophotometer (Waltham,
MA). Centrifugation was done using a bench-top Eppendorf centrifuge (5415C). HPLC
purification of TBA-MDA adduct was performed using an Agilent C7523 HPLC system
(Santa Clara, CA) with a C18 reverse phase column. The HPLC solvent was water and
methanol (60:40 v/v).
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Figure 2.3
2.2.2

Raman spectrometer used in our lab.

Preparation of TBA stock solutions
The solution of 42 mM TBA was prepared by dissolving 0.3025 g of TBA in 50

mL of high purity water (18 M

cm-1) and heating at 55 °C for 45 min. The solution was

cooled to room temperature prior to use.18 It is important to note that TBA solutions are
usually stable less than a month because the colorless solution deteriorates giving a
yellow color. Hence the TBA solution used in the following experiments has a maximum
of shelf life of less than a week.27
2.2.3

Preparation of MDA solutions
The solution of 20 mM bulk MDA was prepared in 1% H2SO4 solution.18 Acid

hydrolysis of tetraethoxypropane (TEP) generates a stoichiometric amount of MDA after
2 hrs at room temperature.34 At very high concentrations, MDA undergoes dimerization
and produces a yellow solution. In order to prevent this dimerization, bulk MDA
23

solutions were stored at 4 °C, and they were discarded after 2 days.22, 27 The MDA
solutions used in this work were diluted from the 20 mM MDA solution using high-purity
water.
2.2.4

TBA reaction with MDA and other TBARCs
The following procedure of TBA assay was carried out with all our experiments.

A solution of 750 μL of 440 mM H3PO4 and 250 μL of 42 mM TBA was mixed with 500
μL of the required concentration of MDA or MDA-aldehyde mixture, with 1:1
concentration ratio, and heated for 1 hr at ~90°C.18 In order to investigate the effect of
TBA concentration on the SERS spectrum of TBA-MDA adduct, the TBA assay was
carried out with 4.2 mM TBA, but this mixture was kept for 4 hrs to complete the
reaction.1, 18 For characterization purposes, bulk quantities of solid TBA-MDA and TBAaldehyde adducts were synthesized according to the above procedure with higher
concentrations while keeping the ratio of each reactant constant in the final reaction
solution. All adducts were precipitated, resulting in a clear solution. Precipitates were
filtered and washed with high purity hot water to get rid of the remaining excess reactants
and dried under vacuum in the dark. The prepared TBA-MDA was dark-purple, needleshaped crystals which is consistent with earlier reports.35 When needed, the solution of
adducts with desired concentrations was prepared by dissolving the required quantity of
solid TBA-MDA in pure water or ethanol depending on the solubility. TBA-MDA was
further purified with HPLC prior to the SERS characterization. The fractions of TBAMDA were collected at the characteristic UV-Vis peak at 532 nm.1, 18
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2.2.5

Butanol extraction
A mixture of 5 mL of butanol and 1 mL of TBA-MDA reaction solution was

vortexed for 2 min. The extraction mixture required a prolonged time for separation.
Therefore, the extraction mixture was centrifuged at 1500 rpm for 5-10 min using a
bench-top Eppendorf centrifuge. The top butanol layer was carefully separated prior to
SERS measurement.36
2.2.6

Nanoparticles synthesis
Silver nanoparticles (AgNP) were prepared according to the Lee and Meisel

method.27 For the preparation of AgNP, 45 mg of AgNO3 was mixed with 250 mL of
water and boiled. A 5 mL solution of 1% sodium citrate was added to this solution and
stirred well. The resulting solution was boiled for 30 min. The solution shows a
characteristic absorption at 408 nm. The average particle size is 70 nm.
2.2.7

SERS and Normal Raman (NRS) measurement
SERS measurement was carried out using the silver nanoparticles (AgNP)

prepared according to the citrate reduction method and stored at 4°C before use.37 For
SERS measurement, a 10 μL sample solution was added into 10 μL AgNP solution and
vortexed for ~1 mins. Then 10 μL of 1% KCl was added as the aggregation agent and
vortexed for another ~1 min. The dilution factor of the analyte was therefore 3 times.
Then this mixture was subjected to SERS spectral acquisition. All the SERS spectra were
acquired immediately by depositing a drop of 10 µL of the mixture on a Ramchip slide to
prevent solvent evaporation. For spectral acquisitions, 633 nm HeNe laser with a 10X
Olympus objective (NA=0.25) and laser power of ~0.8 mW was used. Spectral
integration time varied from 0.1 s to 200 s. Using the neon lamp, the Raman shift was
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calibrated, and the wave number accuracy for the instrument was about 0.5 cm-1. It is
important to note that the Ramchip slide does not induce SERS signal enhancement nor
fluorescence signal and is only used as the sample holder.
NRS spectra of amorphous TBA and the dark-purple, needle shaped crystals of
TBA-MDA were acquired by deposition onto the Ramchip slides. The spectral
integration times for both samples are 50 s, but the laser power before the 100X objective
was 1.3 mW and 13 W for TBA and TBA-MDA, respectively.
2.2.8

Density functional (DFT) calculation
Density function calculations (DFT) were performed using the PQS software

package on the PQS computer (PQS version 4.0, Parallel Quantum Solutions,
Fayetteville, Arkansas, 72703). Geometry optimization and Raman vibrational
frequencies were calculated for the gas phase of the most stable tautomers of TBA and
TBA-MDA reported in the literature without any symmetry constraint employing the
B3LYP (Becke’s three parameter exchange) and 6-311++G** basis set.38 Tentative peak
assignment was carried out comparing mainly the NRS spectra in the range of 200 cm-1
to 1700 cm-1.39, 40
2.3
2.3.1

Results and discussion
Raman and SERS spectra of TBA and TBA-MDA adduct
Figure 2-4A shows (a) the NRS spectrum of commercial TBA powder, (b) SERS

spectrum of 42 mM TBA in water. Figure 2-3B shows (a) NRS spectrum of the powder
form of the needle-shaped TBA-MDA crystal, (b) SERS spectrum of 3 µM HPLC
purified TBA-MDA, and (c) SERS spectrum of TBA-MDA in the reaction mixture where
the final concentrations of TBA, MDA, and phosphoric acid are 7 mM, ~3 µM, and 220
26

mM respectively. When the TBA-MDA spectrum of the reaction mixture is compared
with the spectrum of phosphoric acid, it implies that there is no spectral contributions of
phosphoric acid to the SERS spectra of TBA-MDA adduct (Figure 2-5).
We assume that the under the given conditions complete conversion of MDA to
TBA-MDA adduct occurs. Therefore, the most notable feature of Figure 2-4 is that under
complete conversion the spectral features are totally dominated by the TBA-MDA adduct
in the reaction mixture even when the TBA concentration is ~2000 times higher than
TBA-MDA adduct. This demonstrates the drastically higher SERS activity of the TBAMDA adduct than TBA itself. The NRS spectrum of the TBA-MDA adduct also exhibits
enhanced activity because the required laser power for acquisition of TBA-MDA and
TBA before objective was 13 µW and 1.3 mW, respectively, under similar signal-tonoise ratio. This result indicates that the NRS activity of TBA-MDA is 100 times higher
than that of TBA.
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Figure 2.4

Plot (A): (a) NRS spectrum of TBA powder, (b) SERS spectrum of 42 mM
TBA in water. Plot (B): (a) NRS spectrum of TBA-MDA crystal powder,
(b) SERS spectrum of HPLC purified TBA-MDA, (c) SERS spectrum of
TBA/MDA reaction mixture where the sample concentrations is 7 mM in
TBA, ~3.3 µM in MDA and 220 mM in phosphoric acid.

Notes: NRS spectra of TBA and TBA-MDA were acquired using a 100X objective and
an integration time of 50 s. The laser power before the objective was 1.3 mW and
13 μW for TBA and TBA-MDA, respectively. SERS spectra of TBA and TBAMDA were acquired using the 10X objective and the integration time of 50s. The
laser power before the objective was 3.25 mW for SERS spectra of both TBA and
TBA-MDA. The spectra were scaled and offset for clarity.
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Figure 2.5

(a) Raman spectrum of Ramchip slide, and SERS spectra of (b) AgNP
aggregated with 1% KCl, (c) solution of 220 mM in H3PO4 and 1% in
H2SO4, (d) 42 mM TBA in water, (e) ~ 10 µM HPLC purified TBA-MDA,
(f) ~10 µM TBA-MDA in solvent that is 220 mM in H3PO4 and 1% in
H2SO4.

Notes: While the NRS spectrum was acquired with an integration time of 100 s using
laser power before objective 3.25 mW, the SERS spectra were acquired with an
integration time from 1 to 10 s. The 239 cm-1 peak in spectrum (b) and (c) is from
the Cl- adsorbed onto AgNP. The high similarity between spectra (b) and (c)
indicates the acid solvent (220 mM H3PO4 and 1% in H2SO4) used in the
TBA/MDA reaction mixture has no detectable SERS signal. Also evident from
the comparison of spectrum (f) with (a), (c), and (f) is that there are no Ramchip
substrate background, KCl, and solvent acid spectral interference in the SERS
spectrum of TBA-MDA obtained in the reaction solvent.
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Several possible reasons contribute to the increased SERS activity of TBA-MDA
over TBA itself. One reason for increased SERS activity is that TBA-MDA has two
thione groups whereas TBA has only one thione group; therefore, TBA-MDA has a much
higher affinity to the silver nanoparticle, and it is preferably chemisorbed on the silver
nanoparticles. Another reason is TBA-MDA has a higher Raman cross section due to two
factors: (i) TBA-MDA more strongly physisorbed onto the silver nanoparticles using
extensive π conjugated systems and (ii) due to the presence of highly conjugated system,
SERS and NRS signal is enhanced by preresonance enhancement effect. The origin of
this effect is obvious with closer inspection of the UV-Vis spectrum of TBA-MDA in
Figure 2-2. The red edge of UV-Vis absorption of TBA-MDA is 575 nm which is 60 nm
blue shifted from the 632.8 nm excitation wavelength. Therefore, it is possible to observe
the preresonance enhancement under our experimental conditions.
2.3.2

Direct SERS detection of TBA-MDA adduct in MDA/TBA reaction solution
Figure 2-6 illustrates the SERS spectra acquired in the reaction solution with 7

mM TBA, 220 mM phosphoric acid, and the final concentration of MDA varies from 3.3
nM to 3.3 M. A surprising observation is that even when the TBA-MDA concentration
is ~200,000 times lower than the TBA concentration (i.e., the spectrum labeled (b) in
Figure 2-6, where the MDA concentration is 33 nM), the spectrum is completely
dominated by TBA-MDA features. Evidently, this confirms that the minimum
concentration of MDA that can be determined under our experimental condition in the
reaction solution is 33 nM which indicates that this detection scheme is more comparable
with the 36 nM detection limit reported with the HPLC-fluorescence method.18 On the
other hand, this also suggests that it is possible to directly detect TBA-MDA in the
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reaction solution without employing time consuming HPLC separation. Such a detection
scheme would be much more desirable as it simplifies the experimental procedures.

Figure 2.6

SERS spectra of TBA/MDA reaction mixtures where the sample
concentration of TBA is 7 mM and concentration of MDA is (a) 3.3 nM
MDA, (b) 33 nM MDA, (c) 0.33 µM MDA, (d) 3.3 µM MDA.

Notes: SERS spectra of TBA-MDA were acquired using a 10X objective and an
integration time from 1 to 100s. The laser power before objective was 3.25 mW.
Spectra were scaled and offset for clarity.
As we explained above, when preresonance enhancement is combined with the
SERS enhancement, the detection limit of an analyte usually lies in the nanomolar range
or even below (10-9-10-10 M).31 Therefore, there is a possibility that the features of
spectrum (a) in Figure 2-6, which has a TBA-MDA concentration of 3.3 nM, are
completely dominated by TBA due to competitive adsorption. This became evident when
the experiment was carried out with a final TBA concentration of 0.7 mM to obtain the
spectra shown in Figure 2-7 to illustrate that if we reduce the TBA concentration by a
factor of 10, SERS features of TBA-MDA become more evident and the minimum
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concentration that can be detected decreases up to 3.3 nM in the reaction mixture.
However, the major downside of the reducing the concentration of TBA is that it requires
a prolonged reaction time (4 hours) to complete the reaction even when the final TBAMDA concentration is 0.33 M.

Figure 2.7

SERS spectra of TBA/MDA reaction mixture where the concentration of
TBA is 0.7 mM and concentration of MDA is (a) 3.3 nM, (b) 33 nM, (c)
0.3 µM, (d) 3.3 µM.

Notes: SERS spectra of TBA-MDA were acquired using a 10X objective and an
integration time from 1 to 100 s. The laser power before objective was 3.25 mW.
Spectra were scaled and offset for clarity.
2.3.3

SERS detection of HPLC purified TBA-MDA adduct
HPLC purification was investigated as another way of improving the minimum

concentration of TBA-MDA that can determined with a reasonable signal to noise ratio.
The inset graph in Figure 2-8 shows a series of SERS spectra acquired with a series of
standard solutions prepared with HPLC purified TBA-MDA solutions, and each of these
spectra are normalized with respect to the integration time. The SERS intensity of 1265
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cm-1 peak position is linear between 4.5 M and 0.45 nM TBA-MDA. Beyond a
concentration of 0.45 nM, a SERS signal of TBA-MDA could not be observed which
implies that the minimum concentration of TBA-MDA that can be detected under the
experimental condition for an HPLC purified sample is 0.45 nM. However, the SERS
spectrum corresponding to 0.45 nM TBA-MDA exhibits a concentration dependency.
One feature is that the peak intensities are significantly higher in the region of 1340 cm-1
and 1370 cm-1 than in the spectrum corresponding to 4.5 M TBA-MDA. Another
feature is that the peak at 1181 cm-1 in the spectrum of 4.5 M is blue shifted to the 1160
cm-1 in the spectrum of 0.45 nM. A possible reason for concentration dependency is that
TBA-MDA can adopt a different orientation or tautomeric structure on the nanoparticle
surface at very low concentrations.41, 42

Figure 2.8

Correlation between the SERS intensity at 1265 cm-1 of HPLC purified
TBA-MDA adduct with its concentration in pM, both in logarithm scales.

Notes: Inset: representative SERS spectra of TBA–MDA with concentration of (a) 4.5
μM, (b) 0.45 μM, (c) 45 nM, (d) 4.5 nM, (e) 0.45 nM. All the spectra were
acquired using a 10X objective and an integration time from 1 to 100 s. The laser
power before objective was 3.25 mW. The spectra were scaled and offset for
clarity.
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The study of the detailed reasons for this complex nature is beyond the scope of
this work. Figure 2-8 shows the strong correlation (R2=0.989) of the SERS intensity vs.
concentration with both on a logarithmic scale. The Raman intensity labeled on the Yaxis is obtained by subtracting the normal background signal from the peak intensity at
1265 cm-1. It is still worth considering the intensity at peak 1265 cm-1 for this calculation
because the features of this peak are consistent even at 0.45 nM.
Consequently, despite the 5 orders of magnitude of linear dynamic range of the
SERS detection of TBA-MDA, the uncertainty of the measurement would be as large as
100% for such a large span of concentration; therefore, the relative standard deviation
would be insignificant in the plot. In fact, this accuracy and precision of the SERS-based
method would not be reliable for practical applications. The reproducibility of SERS
intensity depends on the size morphology of the silver nanoparticles; hence, even though
all of the measurements were performed with the same batch of silver nanoparticles, the
average relative standard deviation of particle size can still be higher for bioanalytical
applications.
In spite of the large uncertainty associated with the SERS quantification, the
SERS detection of TBA-MDA is still ~100 times better than the recently reported
fluorescence–based method.18 The SERS linear dynamic range with 5 orders of
magnitude is more advantageous compared to the 3 orders of magnitude of linear
dynamic range of the fluorescence-based method with samples of MDA, in which the
concentration range varies over a large range.
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2.3.4

SERS detection of TBA-MDA extracted into a butanol solution
The butanol extraction of TBA-MDA is commonly used in MDA analysis to

reduce spectral interferences from the sample matrix.43, 44 In order to increase the
sensitivity of the SERS detection of TBA-MDA, the butanol extraction of TBA-MDA
adduct was performed. A surprising observation was that a successful extraction was
confirmed with the appearance of pinkish color in the butanol layer, but no quality SERS
spectra could be obtained with the butanol layer even when the concentration of MDA
was as high as 0.33 M in the original solution. The possible reason for this phenomenon
is that the layer separation does not allow effective collision between the nanoparticle and
the analyte; therefore, the adsorption of TBA-MDA on nanoparticles does not take place
effectively. Hence, the solvent evaporation was carried out, thinking that the SERS
detection of TBA-MDA would become possible if the analyte was redissolved in water,
but this was not successful, even with the 0.33 M MDA sample. Therefore, further
investigations are needed to understand the solvent effect on the TBA–MDA SERS
signal.
2.3.5

Specificity of SERS detection of TBA-MDA adduct
The major limitation of colorimetric methods such as UV-Vis-based and

fluorescence-based methods is lack of specificity because these methods are always
susceptible to interferences from the TBA-adducts of other TBARCs or the other
compounds that are fluorogenic or chromogenic.24, 25, 45 The specificity of the proposed
method has been determined by comparing the TBA-MDA spectrum with the spectra of
several different TBA-aldehyde adducts.
According to Figure 2-9, with the exception of pyrimidine, the SERS features of
TBA adduct with other TBARCs are completely different from that of TBA-MDA. This
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result implies that high molecular specificity is associated with this SERS-based TBAMDA detection scheme. This kind of characterization of the TBA adducts with other
TBARCs is also important to resolve the spectral interference from a complex biological
matrix. The identical spectral features of TBA-pyrimidine adduct and TBA-MDA adduct
are consistent with the earlier reports that under the given experimental conditions,
pyrimidine will decompose to MDA resulting in the same spectral features.1, 46

Figure 2.9

SERS spectra of saturated TBA adduct with (a) formaldehyde, (b)
acetaldehyde, (c) butyraldehyde, (d) trans-2-hexenal, (e) benzaldehyde, (f)
pyrimidine, (g) MDA.

Notes: All the spectra were acquired using 10X objective and an integration time from 1
to 100 s. The laser power before objective was 3.25 mW. The spectra were scaled
and offset for clarity.
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Along with the specificity, the selectivity of this method for TBA-MDA adduct
compared to other TBA-aldehyde adducts was also assessed using a mixture containing
1:1 ratio of aldehyde and MDA. In Figure 2-10, spectra (a) and (c) are for TBA-MDA
spectra acquired from the reaction solution which contains 0.17 µM aldehyde and MDA
and 7 mM TBA. Spectrum (b) is acquired with reaction solution that contains 0.84 mM
glucose and the concentration of TBA and MDA are the same as above. The reason for
the selection of such a high concentration is to represent the serum glucose level under
physiological condition.47

Figure 2.10

SERS spectra obtained with TBA reaction mixtures that comprised of 7
mM TBA, 0.17 µM MDA, and (a) 0.84 mM glucose, (b) 0.17 µM
butyraldehyde, (c) 0.17 µM benzaldehyde.

Notes: All the spectra were acquired with a 10X objective and an integration time from 1
to 100 s. The laser power before objective was 3.25 mW. Spectra were scaled and
offset for clarity.
According to Figure 2-10, all three spectra are dominated by TBA-MDA features.
Only spectrum (c), which includes 0.17 M of benzylaldehyde, exhibits spectral features
that are discernible from those in spectra (a) and (b). Unsurprisingly, similar to TBA, the
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SERS activities of other aldehyde adducts are small compared to TBA-MDA adduct.
There are two reasons for this increased SERS activity of TBA-MDA over other TBAaldehyde adducts: (i) TBA-aldehyde adducts have only one thione group, but TBA-MDA
has two thione groups and (ii) TBA-MDA adduct has an extensive π conjugated system
that can strongly bind to the nanoparticle surface. On the other hand, TBA-benzaldehyde
also has an extensively conjugated π system that can strongly interact with the
nanoparticle surface. Therefore, TBA-benzaldehyde is more SERS active compared to
other TBA-aldehyde adducts and induces discernible spectral features to the TBA-MDA
spectrum. This implies that SERS-based method is more selective for TBA-MDA
detection.
2.3.6

Peak assignment
Due to the presence of mobile hydrogen, both TBA and TBA-MDA can adopt

different tautomeric forms. The following Figures from 2-11 and 2-12 show the possible
tautomeric forms of TBA and TBA-MDA adduct reported in the previous literature.38, 41,
48, 49

Figures 2-13 and 2-14 present the experimental SERS, experimental NRS , and

computed spectra of TBA and TBA-MDA adduct. Tables 2-2 to 2-4 present the detailed
analysis of the correlation of the NRS spectra of solid phase with the calculated
vibrational frequencies for the most stable tautomeric forms of TBA and TBA-MDA
adduct that are reported in literature.38, 41, 48, 49
In spite of the drastic differences in intensities and peak widths held between the
NRS and the SERS spectra, the remarkable similarity between the peak positions of those
spectra implies that the same tautomeric forms are present in the solid phase and on silver
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nanoparticles. These differences in peak width and intensities may be due to sampling
condition or to the effect of chemisorption.31
2.3.6.1

Raman peak assignment for TBA
Peak assignments were carried out for the most stable N1 and N10 tautomeric

forms in both solid phase and on the nanoparticle surface.38, 48 Calculated Raman spectra
for both forms exhibit strong correlation with the experimental NRS spectra. Hence as
shown in tables 2-2 and 2-3, peak assignment was carried out for both forms
simultaneously.
2.3.6.2

Raman peak assignment for TBA-MDA
Similar to TBA, the theoretical Raman spectra were calculated for both the stable

tautomeric forms of TBA-MDA in solid phase,41, 49 but the calculated Raman spectrum of
tautomer 1 exhibited a strong correlation to the NRS spectra; hence, table 2-4 shows the
peak assignments only for tautomer 1.

Figure 2.11

Possible neutral tautomers of TBA.48
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Figure 2.12

The two most stable tautomeric forms of TBA-MDA in solid.41

40

Figure 2.13

Plot (A) (a) NRS spectrum of TBA powder, (b) SERS spectra of 42 mM
TBA aqueous solution, and Plot (B) DFT Raman spectra of TBA tautomer
N1, plot (C) DFT Raman spectrum of TBA tautomer N10.
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Table 2.2

Experimental and DFT B3LYP/6-311++G** computed Raman frequencies
of TBA tautomer N1 (point group - C2V)
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Table 2.3

Experimental and DFT B3LYP/6-311++G** computed Raman frequencies
of TBA tautomer N1 (point group – CS)
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Figure 2.14

Plot (A) (a) NRS spectrum of TBA-MDA powder, (b) SERS spectra of 10
µM HPLC purified TBA-MDA. Plot (B) DFT Raman spectrum of TBAMDA tautomer 1.
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Table 2.4

2.4

Experimental and DFT B3LYP/6-311++G** computed Raman frequencies
of TBA-MDA tautomer 1(point group Cs)

Conclusion
Herein, we report a novel method based on surface-enhanced Raman

spectroscopy for the detection of MDA with 632.8 nm HeNe laser as the excitation
source. The lowest concentration of HPLC purified TBA-MDA adduct that can be
detected with SERS-based method is 0.45 nM. This is 100 times better than the recently
reported detection limit with fluorescence-based method. The specificity of this method
for the detection of TBA-MDA adduct is very high because the spectral features are
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unique to the TBA-MDA adduct when compared with the other adducts. In the presence
of other interfering species, the spectral features are dominated by TBA-MDA adduct.
This implies that the selectivity of MDA detection with SERS-based method is very high.
Only pyrimidine interferes with SERS detection of MDA detection.
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CHAPTER III
SURFACE-ENHANCED RAMAN SPECTROSCOPY OF
THIOBARBITURIC ACID (TBA)
3.1

Introduction
2-Thiobarbituric acid (TBA) is widely used as a molecular probe for the

determination of a wide range of biologically active molecules,1-4 such as sugars,5 sialic
acid,6 and aldehydes.7-10 Once reacted with TBA, many of these compounds form
chromogenic products allowing UV-Vis or fluorescence detection and quantification.
Besides its importance in practical applications in the food industry and
biomedical research, TBA has also drawn significant interest for its structural
characteristics. As a small heterocyclic organosulfur compound, TBA has an
extraordinary structural complexity. First TBA has multiple ionizable protons. It also has
two nitrogen atoms that can act as proton receptors. As a result, TBA is theoretically
capable of undergoing several acid/base transitions at different pHs. Despite the extensive
literature of TBA structure, there is no consensus on the pKa values associated with the
acid/base transitions.11, 12, 13, 14, 15 For example, recent work believes that the pKa1
(~2),11, 12 corresponds to deprotonation of protonated nitrogen within TBA. (Figures 3-1)
While earlier work suggests that acid/basic transition occurs at pKa1 (3.86) is due to the
deprotonation of nitrogen of neutral TBA form.15 (Figures 3-2) Also the recent articles
report that pKa2 (~10.2) corresponds to the deprotonation of enol form, (Figures 3-1),11, 12
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but the earlier work believes that pKa2 (9.65) corresponds to deprotonation of the
hydrogen associated with the nitrogen atoms (Figures 3-2).15

Figure 3.1

Acid dissociation constants of TBA.12

Figure 3.2

Acid dissociation constants of TBA.15

Another key contributing factor to the TBA structural complexity is its ability to
undergo keto-enol, and thione-thiol tautomerizations.16, 17, 14, 18 Possible tautomeric forms
of TBA were shown in Figure 3-2, 3-3, 3-5, 3-6, respectively, for TBA in each of the
possible charged states shown in Figure 3-1 and 3-2.11, 12

Figure 3.3

Possible neutral tautomers of TBA.12
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Figure 3.4

Possible cationic forms of TBA.12

Figure 3.5

Possible monoanionic forms of TBA.12

Figure 3.6

Possible dianionic forms of TBA.12

Various spectroscopic methods including UV-Vis,11, 12 infrared (IR),12 and
magnetic resonance spectroscopy (NMR)19 have been used for the investigation of TBA
tautomeric composition in solutions and solid. On the basis of experimental and
computed UV-Vis spectra of TBA, Mendez et al. proposed that N10 and N1 are the
dominant tautomeric forms when TBA is dissolved in methanol and pH 7 aqueous
solutions.12 In contrast, according to the results from computational modeling, Zuccarello
et al. believes that N1 is the most stable tautomeric for neutral TBA in both gas and
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solution phase.11 Using combination of x-ray diffraction, solid state NMR and Raman
spectroscopy, Chierotti et al. studied the tautomerism and polymorphism of TBA, and
they concluded that depending on solvents used for crystallization, TBA can be in pure
N1 or N10 form, or mixture of N1 and N10 forms in solid states.19
Besides TBA tautomerization and ionization, another contributing factor to the
TBA structural complexity is possible TBA hydrogen-bonding among themselves and
between TBA and solvent molecules. Indeed, TBA can act both as a hydrogen donor and
receptor. Possibility of formation of self-aggregated TBA (dimers, trimers, hexamers) in
solution was proposed as the cause of the peak shift and broadening in TBA IR spectra
observed when TBA solutions of increasing concentrations.13
As an organothiol/thione reagent, TBA can self-assemble onto noble metal
surface such as gold and silver. While TBA interaction with planar gold is investigated
with cyclic voltammetry and electrochemical method which demonstrate the packing
density of TBA is 0.4x 1015 molecules cm-2 for flat orientation and 1.0x1015 molecules
cm-2 for perpendicular orientation 20, the interaction of TBA with the gold nanoparticles
(AuNP) has recently been studied using combination of IR and thermogravimetric
analysis.12 It was proposed that the tautomeric and ionic composition of TBA on the
AuNPs is similar to that in solution.12 This conclusion is in stark contrast with our recent
experimental observation with mercaptobenzimidazole (MBI), an organothiol also
capable for thiol/thione tautomerizations.21 In that study we demonstrate that MBI
structure on AuNP is significantly different from that in solution. In neutral solution,
MBI is in a thiolated form on the AuNP but in a thione form in solution.21
To deepen our understanding of TBA structural characteristics and enrich our
knowledge on organothiol/thione interaction with noble metal nanoparticles, reported
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herein is our Raman, surface enhancement Raman spectroscopic (SERS) investigation of
TBA in solution and adsorbed on the silver and gold nanoparticle (AgNP) surfaces. In
addition, we also perform a TBA dissolution study to help settle the dispute regarding the
pKa values associated with the protonation and deprotonation reactions. To our
knowledge systematic Raman and SERS study of TBA has not been reported before. As a
vibrational spectroscopic technique, Raman has a distinct advantage for studying the
molecular structure in aqueous solutions because of the low Raman activity of water. By
comparison of the NRS with the SERS spectra acquired at the same pHs, possible TBA
structural variations induced by nanoparticle adsorption can be systematically studied. To
investigate the possible interplay of TBA ionization, tautomerization and aggregation, we
studied the pH and/or concentration dependence of the TBA Raman, SERS and UV-Vis
spectra. The comparison of the pH and/or concentration dependence of the SERS, Raman
and UV-Vis spectra reveal several key insights regarding the TBA structure in solution
and on nanoparticles. Computational modeling was also attempted, hoping to derive more
detailed understanding of TBA tautomeric and ionic composition in solution and on the
nanoparticles.
3.2
3.2.1

Experimental designs
Materials and equipment
All chemicals used in the following experiments were purchased from Sigma

Aldrich (St. Louis, MO). SERS and NRS spectra were acquired using a LabRam HR
Raman microscope system (Horiba JobinYvon) with 633 nm HeNe laser. The Ramchip
slide, used as the sample holder for SERS acquisition, was obtained from Z&S Tech
LLC. UV-Vis spectra were acquired using a Fisher Scientific Evolution 300 UV-Vis
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spectrophotometer (Waltham, MA). Solution pH was measured using an Accumet basic
AB15 pH meter (Fisher Scientific). High purity-water (18 M

cm-1) was used throughout

all the experiments.
3.2.2

TBA dissolution study
To help settle the controversy regarding the pKa values associated with the

various protonation and deprotonation reaction, the TBA was recrystallized and then
dissolved in high purity-water. The pH value of the solution was monitored in order to
estimate the pKa for the protonation/deprotonation reactions. For the preparation of TBA
crystals, commercial TBA powder was dissolved in boiling water and let to sit for cool.
White crystals were formed upon cooling. Then precipitate was filtered and washed with
warm water for several times and dried under ambient conditions.
3.2.3

Preparation of TBA stock solutions
TBA solution was freshly prepared according to the published procedure.4 The

solution of 30 mM TBA was prepared by dissolving 0.2163 g of TBA in 50 mL of high
purity water (18 M

cm-1) and heating at 55 °C for 45 min. The solution was cooled to

room temperature prior to use. It is important to note that TBA solutions are usually
stable less than a month. After a longer time period, the colorless solution will deteriorate
and give a yellow color. Hence, the TBA solution used in the following experiments has
a maximum shelf-life of less than a week.22
3.2.4

Concentration dependence of TBA SERS and UV-Vis spectra
Using the above stock solution, a dilution series was prepared. It is important to

note that the solution pH changes upon dilution. Then pH of each solution was measured
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and pKa for each solution was calculated. SERS and UV-Vis (200-400 nm range) spectra
were acquired immediately after the solution was prepared.
3.2.5

Concentration dependent SERS and UV-Vis spectra at constant pH
Three series of TBA solutions, each with different concentrations, were prepared

where the pH in each series was kept to be 1.2 ± 0.1, 6.4 ± 0.2, and 12.0 ± 0.2,
respectively. The pH of the solution was adjusted using 1 M or 0.1 M HCl and NaOH
solutions. SERS and UV-Vis spectra were acquired immediately after the sample
preparation.
3.2.6

Comparison of pH dependent TBA SERS and NRS spectra
Saturated TBA solutions were prepared in the pH conditions of 2.6, 4.9, 7.7, 10.3

and 12.1. The pH of solutions was adjusted using 1M HCl and NaOH solutions. The
SERS and NRS spectra were acquired immediately after the sample preparation.
3.2.7

pH dependence of the TBA SERS and UV-Vis spectra
Five stock solutions of 50 M TBA were prepared in 1 M, 0.1 M HCl and NaOH

solutions, and in water. By combining these five stock solutions with different volume
ratios, a series of solutions that differ in their pH but with constant concentrations were
prepared. SERS and UV-Vis spectra were acquired immediately after the sample
preparation.
3.2.8

Nanoparticles synthesis
Silver nanoparticles (AgNP) and gold nanoparticles (AuNPs) were prepared

according to the Lee and Meisel method.23 For the preparation of AgNP, 45 mg of
AgNO3 was mixed with 250 mL of water and boiled. A 5 mL of 1% sodium citrate
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solution was added to this solution and stirred well. The resulting solution was boiled for
30 min. The solution shows a characteristic absorption at 408 nm. The average particle
size is 70 nm. For the preparation of AuNPs, 0.0415 g of gold (III) chloride trihydrate
was added to 100 mL of high purity-water, and the solution was heated. When it starts to
boil, 10 mL of 38.8 mM sodium citrate dehydrate was then added immediately.24 AuNP
shows a characteristic absorbance at 520 nm, confirming that the average size of the
AgNP was 50 nm in diameter.25
3.2.9

SERS spectra acquisition
For SERS measurement, a 10 μL sample solution was added into 10 μL AgNP or

AuNP colloidal solutions and vortexed for ~1 min. Then 10 μL of 1% KCl was added as
the aggregation agent and vortexed for another ~1 min. As a result the TBA
concentration in the SERS measurement solution was diluted by 3 times. All the SERS
spectra were acquired immediately by depositing a drop of 10 µL of the mixture on a
Ramchip slide to prevent solvent evaporation. For spectral acquisitions, 633 nm HeNe
laser with a 10X Olympus objective (NA=0.25) and 3.25 mW laser power on sample was
used. Spectral integration time varied from 0.1 s to 200 s. The Raman shift was calibrated
using the neon lamp. It is important to note that the Ramchip slide does not induce SERS
signal enhancement nor fluorescence signal and is only used as the sample holder.
3.2.10 NRS spectra acquisition
The NRS spectra of TBA were acquired using saturated TBA solutions prepared
in the following pH conditions: 2.6, 4.9, 7.7, 10.3, and 12.1. To prevent solvent
evaporation, NRS spectra were acquired immediately after depositing a drop of 10 µL of
the solution on a Ramchip slide. For spectral acquisitions, 633 nm HeNe laser with a 10X
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Olympus objective (NA=0.25) and a laser power of 13.3 mW was used. Spectral
integration time varied from 100 s to 200 s.
3.2.11 Density functional (DFT) calculation
Density function calculations (DFT) were performed using the PQS software
package on the PQS computer (PQS version 4.0, Parallel Quantum Solutions,
Fayetteville, Arkansas, 72703). Geometry optimization and Raman vibrational
frequencies were calculated for the gas phase of the most stable tautomers of TBA
reported in the literature without any symmetry constraint employing the B3LYP
(Becke’s three parameter exchange) and 6-311++G** basis set.13, 26, 27
3.3
3.3.1

Results
TBA dissolution

Figure 3.7

Photograph of small TBA microcrystal, the color is due to the artifact of
the CCD camera use in our microscope.

The as-received TBA has labeled purity of 98% and it appears to be amorphous.
To ensure the purity of the sample in our dissolution study that is aimed to probe the pKa
associated with the first deprotonation reaction. We first purified the TBA using
recrystallization. A typical microcrystal is shown in Figure 3-7. The pH of the 30 mM
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TBA solution prepared by dissolving the recrystallized TBA in high-purity water was
2.0, indicating the pKa for the deprotonation reaction has to be significantly lower than 7.
3.3.2

Study of SERS and UV-Vis spectra of TBA in aqueous solution at different
concentration
The spectra in Figure 3-8 and 3-9 show the SERS spectra of TBA obtained from

using AgNP and AuNP as the SERS substrates, respectively. It is very important to note
that the solutions used for the SERS spectral acquisition were prepared with sample
dilution with high purity-water and their solution pHs were not adjusted. The measured
pH of these solutions varies from 1.95 to 3.62. The average calculated pKa of these
solutions is 2.3 ± 0.2. This is a good agreement with Zuccarello et al.11 Since TBA is a
weak acid; the sample dilution not only changes the TBA concentration, but also the pH
value of the solutions. As a result, the differences among the series of spectra shown in
Figure 3-8 and 3-9 reflect the concentration- and pH- dependent spectral change. The
spectra shown in the Figure 3-8 and Figure 3-9 were normalized with respect to the peaks
at 913 cm-1 and 904 cm-1 in the SERS spectra obtained with AgNP and AuNP,
respectively. Both the AgNP and AuNP-based SERS spectra exhibit similar trends in
changes of SERS spectral features observed with decreasing concentration: (i) 597 cm-1
peak in the AgNP-based SERS spectra gradually becomes a doublet along with the
decrease in intensity, but 592 cm-1 peak in the AuNP-based SERS spectra shows only a
decrease in intensity, (ii) the SERS features of the peaks at 913 cm-1 and 904 cm-1 in the
AgNP- and AuNP-based spectra, respectively, are insensitive to the concentration
changes and pH changes, (iii) the intensity ratios of the peaks at 1168 cm-1 and 1218 cm-1
in the AgNP-based spectra and that of at 1150 cm-1 and 1216 cm-1 in the AuNP-based
spectra decrease, (iv) the peak at 1516 cm-1 in the AgNP-based spectra loses its broad
59

features and gradually becomes a doublet, but the peak at 1508 cm-1 in the AuNP-based
spectra shows a decrease in intensity, (v) with decreasing concentration, blue shift is
exhibited by most of the peaks.

Figure 3.8

SERS spectra of TBA with AgNP at different concentration prepared in
high-purity water: (a) 20 mM, (b) 15 mM, (c) 10 mM, (d) 7.5 mM, (e) 5
mM, (f) 3 mM, (g) 2.5 mM, (h) 2 mM, (i) 1.5 mM, (j) 1 mM, (k) 0.75 mM,
(l) 0.5 mM, (m) 0.25 mM.

Notes: SERS spectra of TBA were acquired using 10X objective and integration time of
50 s. The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 913 cm-1 peak.
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Figure 3.9

SERS spectra of TBA with AuNP at different concentration prepared in
high-purity water: (a) 25 mM, (b) 12 mM, (c) 6 mM, (d) 3 mM, (e) 1.6
mM, (f) 0.8 mM, (g) 0.4 mM, (h) 0.2 mM, (i) 0.1 mM.

Notes: SERS spectra of TBA were acquired using 10X objective and integration time of
50 s. The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 904 cm-1 peak.
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Figure 3.10

Plot (A) UV-Vis spectra of TBA at different concentration prepared in pure
water: (a) 0.05 mM, (b) 0.1 mM, (c) 0.2 mM, (d) 0.4 mM, (e) 0.6 mM, (f)
0.8 mM, (g) 1 mM.

Notes: Plot (B) correlation between UV–Vis absorbance vs. absolute concentration
(pathlength is 0.1 cm).
Figure 3-10 shows the UV-Vis spectra of a series of TBA solutions acquired
without adjusting the pH of the solution. In contrast to the SERS spectra shown above,
there are no significant concentration dependent spectral shifts in the UV-Vis spectra. An
intense band at 264 nm, a weak band at 243 nm, and a small shoulder at 280 nm were
observed. The graph of absorbance vs. concentration exhibits a very good linear
relationship with 0.999 regression coefficient (R2) with respect to each prominent
absorption maxima.
3.3.3

Study of concentration dependence of TBA SERS and UV-Vis spectra at
constant pH
Figure 3-11 and 3-12 show the TBA SERS spectra acquired with AgNP and

AuNP as the SERS substrates, respectively. Three series of TBA solutions were prepared
with an individual constant pH of 1.2 ± 0.1, 6.4 ± 0.2, and 12.0 ± 0.2. The intensity of the
SERS peaks are normalized with respect to the peaks at 922 cm-1, 906 cm-1, and 908 cm-1
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in the AgNP-based spectra and 905 cm-1, 602 cm-1, and 898 cm-1 in the AuNP-based
spectra in the graphs plotted for pH 1.2 ± 0.1, 6.4 ± 0.2, and 12.0 ± 0.2, respectively.
Compared to the SERS spectra obtained with solution pHs of ~pH 6.4 and ~pH
12.0, the concentration dependence of the SERS spectral variation in the pH ~1.2
solutions are much more complicated for the SERS spectra obtained with both AuNPs
and AgNPs: (i) 602 cm-1 and 595 cm-1 peaks in the AgNP- and AuNP-based SERS
spectra, respectively, gradually become a doublet, (ii) the intensity ratios between the
peaks at 1172 cm-1 and 1226 cm-1 in the AgNP-based SERS spectra and that of between
the peaks at 1143 cm-1 and 1222 cm-1 in AuNP-based SERS spectra decrease, (iii) the
peak intensity ratios between the peaks at 1339 cm-1 and 1418 cm-1 in the AgNP-based
SERS spectra and that of between the peaks at 1323 cm-1 and 1377 cm-1 in the AuNPbased SERS spectra decrease, (iv) the peak at 1531 cm-1 in the AgNP-based SERS spectra
becomes more intense, but the change in intensity of the peak at 1508 cm-1 in AuNPbased spectra is more complicated, (v) spectra exhibit various peak shifts. For example,
the peaks at 1172 cm-1 and 1516 cm-1 in the AgNP-based SERS spectra show a blue shift
whereas the peak at 1418 cm-1 the same spectra shows a slight red shift.
Compared to the SERS spectra obtained with AuNP at the pH 6.4 solutions, the
SERS spectral variation of the AgNP samples is much smaller with decreasing
concentrations, (i) the SERS feature of 898 cm-1 becomes more prominent in the SERS
spectra obtained with AuNP as the SERS substrate, while relative peak intensity of 906
cm-1 remained unchanged in the AgNP-based SERS spectra. (ii) the 609 cm-1 peak in the
AgNP-based SERS spectra and the 602 cm-1 peak in the AuNP-based SERS spectra
become a doublet, (iii) the intensity ratios between the 1166 cm-1 and 1225 cm-1 peaks in
the AgNP-based SERS spectra, and that of between the 1148 cm-1 and 1227 cm-1 peaks
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in the AuNP-based SERS spectra decrease, (iv) the intensity ratios between the peaks at
1338 cm-1 and 1414 cm-1 in the AgNP-based SERS spectra, and that between 1380 cm-1
and 1416 cm-1 in the AuNP-based SERS spectra decrease, but at the concentration 11 M
and below, the two peaks at 1338 cm-1 and 1414 cm-1 in AgNP-based SERS spectra have
similar intensities, (v) there are also some peak shifts in the SERS feature in both of the
AgNP- and the AuNP-based SERS spectra.
Compared to the spectral variations in pH ~1.2 and ~6.4 in the AgNP- and
AuNP-based SERS spectra, the spectral variations at pH ~12.0 are minimal with
decreasing concentration: (i) the intensities of the peaks at 615 cm-1 and 636 cm-1 in
AgNP-based spectra and that of the peaks at 608 cm-1 and 622 cm-1 in the AuNP-based
spectra decrease, (ii) the peak intensity ratios between the peaks at 1179 cm-1 and 1229
cm-1 in the AgNP-based spectra and 1151 cm-1 and 1215 cm-1 in the AuNP-based spectra
exhibit minimal change, (iii) the peak intensity ratio between the peaks at 1359 cm-1 and
1418 cm-1 in the AgNP-based spectra decreases from 30 mM to 20 M and starts to
increase below 20

M, but the peak intensity ratio between the peaks at 1345 cm-1 and

1398 cm-1 in the AuNP-based spectra decreases, (iv) the peak at 1359 cm-1 in the AgNPbased spectra becomes a doublet at concentrations of 65 M and lower, (v) the peaks at
1496 cm-1 and 1531 cm-1 in AgNP-based spectra form a single broad peak at 1516 cm-1 at
concentrations of 65 M and lower, (v) the peak at 1488 cm-1 in the AuNP-based spectra
gradually becomes a doublet, (vi) upon dilution all peaks show blue shift.
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pH = 1.2
Figure 3.11

pH = 6.4

pH= 12.0

Concentration dependence of TBA SERS spectra of TBA with AgNP at
constant pHs: (a) 30 mM, (b) 20mM, (c) 11mM, (d) 6.5 mM, (e) 2 mM,
(f)1.1 mM, (g) 650 μM, (h) 200 µM, (i) 110µM, (j) 65 µM, (k) 20 µM, (l)
11 µM, (m) 4.25 µM

Notes: SERS spectra of TBA was acquired using 10X objective and integration time of
50s. The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 922 cm-1 906 cm-1 and
908 cm-1 peak for pH 1.2, 6.4, and 12.0 respectively.
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pH = 1.2
Figure 3.12

pH = 6.4

pH= 12.0

Concentration dependence of TBA SERS spectra of TBA with AuNP at
constant pHs: (a) 30 mM, (b) 20 mM, (c) 11 mM, (d) 6.5 mM, (e) 2 mM,
(f) 1.1 mM, (g) 650 μM, (h) 200 µM, (i) 110 µM, (j) 65 µM, (k) 20 µM, (l)
12 µM, (m) 4 µM.

Notes: SERS spectra of TBA was acquired using 10X objective and integration time of
50s. The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 905 cm-1 602 cm-1 and
898 cm-1 peak for pH 1.2, 6.4, and 12.0 respectively.
From the comparison of the SERS spectra of 30 mM TBA acquired in the three
different pHs (~1.2, ~6.4, and ~12.0), the following observations can be made with
increasing pH: (i) the doublet features of the peak at 602 cm-1 and 595 cm-1 in the AgNPand AuNP-based spectra, respectively, gradually become more prominent, (ii) the
intensities of the peaks at 922 cm-1 and 905 cm-1 in the AgNP- and AuNP-based spectra,
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respectively, increases, but surprisingly the peak at 905 cm-1 is absent in the spectra at pH
6.4, with AuNP, (iii) the intensity ratios between the peaks at 1172 cm-1 and 1226 cm-1 in
the AgNP-based spectra and that of between 1143 cm-1 and 1222 cm-1 in the AgNP-based
spectra gradually decrease, (iv) doublet features of the peak at 1531 cm-1 in the AgNPbased spectra gradually become more prominent with increasing pH.
UV-Vis spectra of TBA in the Figure 3-13 show that spectral features do not vary
with the concentration at constant pH condition. Each plot exhibits multiple absorption
peaks. At pH 1.2, a weak band at 235 nm and an intense band at 283 nm are observed. At
pH 6.4, a shoulder at 243 nm, an intense band at 264 nm, and a little shoulder at 280 nm
were observed. At pH 12.0, an intense band at 236 nm, a weak band at 283 nm, and a
little shoulder at 260 nm were observed. The spectra shown here for the pH 6.4 are
exactly similar to the spectra shown in Figure 3-8(A). The three graphs of absorbance vs.
concentration acquired in three different pHs exhibit a very good linear relationship with
0.999 regression coefficient (R2) with respect to each absorption maxima.
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pH = 1.2
Figure 3.13

pH = 6.4

pH= 12.0

Plot (A) Concentration dependence of TBA UV-Vis spectra at
constantpHs: (a) 2 µM, (b) 6 µM, (c) 8 µM, (d) 11 µM, (e) 20 µM, (f) 65
µM, (g) 110 µM, (h) 155 µM.

Notes: Plot (B) correlation between UV–Vis absorbance vs. absolute concentration
(pathlength is 1 cm).
3.3.4

Comparison of pH dependence of TBA SERS and NRS spectra
NRS and AgNP-based SERS spectra are normalized with respect to the peak at

605 cm-1 and 905 cm-1 in the spectrum (a) in the graphs (A) and (B) respectively.
According to the SERS and NRS spectra shown in Figure 3-14, the spectra in both plots
show dramatic differences in peak intensities with changing the pH. Several trends are
reproduced in both SERS and NRS spectra when the solution pH decreases from 12.1 to
2.6: (i) the SERS peak around 1490 cm-1 in pH 12.1 solution is blue-shifted to 1522 cm-1
in pH 2.6 solution, (ii) the NRS peak at 1274 cm-1 in pH 12.1 solution becomes much
weaker or disappears, (iii) the NRS and the SERS peaks at 1385 cm-1and 1357 cm-1 in pH
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12.1 solution are diminished or red-shifted, (iv) in pH 12.1 solution, both NRS and SERS
peaks at 1218 cm-1 and 1224 cm-1, respectively, are stronger than the peaks at 1164 cm-1
and 1167 cm-1,respectively, while in pH 2.6 solution, the reverse is true, (v) the spectra
indicate that NRS and SERS peak at 923 cm-1 and 905 cm-1, respectively, in pH 12.1
solution are weakened or red-shifted when the solution pH decreases, (vi) the NRS peaks
at 605 cm-1 and 632 cm-1 and SERS peaks at 608 cm-1 and 634 cm-1 in pH 12.1 solution
gradually become a single peak and appear at 590 cm-1 and 595 cm-1, respectively, with
decreasing pH.

Figure 3.14

Plot (A) NRS and plot (B) SERS spectra of saturated TBA solution at
different pHs: (a) 11.9, (b) 10.3, (c) 7.7, (d) 4.9, (e) 2.6.

Notes: NRS spectra of TBA were acquired using a 10X objective and an integration time
of 100s. SERS spectra of TBA were acquired using 10X objective and integration
time of 50s. The laser power before objective was 3.25 mW for both SERS and
NRS spectra. The spectra were scaled and offset for clarity. Peaks are normalized
with respect to the 605 cm-1 and 905 cm-1 peak for NRS and SERS respectively.
On the other hand, SERS and NRS spectra exhibit some similarities. For example
the NRS spectrum at pH 10.3 and the SERS spectrum at pH 7.7 are similar. However, the
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SERS and NRS spectra at an equivalent pH, are different in their spectral features. For
example the NRS spectrum at pH 12.1 is easily distinguished from the SERS spectrum at
the same pH.
3.3.5

Study of pH dependence of TBA SERS and UV-Vis spectra
The series of spectra shown in Figure 3-15 are acquired with AgNP and

normalized with 1181 cm-1, 898 cm-1, and 900 cm-1 peaks in spectrum (a) of graphs (A),
(B), and (C) respectively. As pH increases (0.50 to 14.00), peak positions and the relative
intensities of all peaks in the SERS spectra vary significantly: (i) the singlet peak at 597
cm-1 gradually becomes a doublet and then becomes a singlet from pH 12.40 and above
along with an increase in intensity, (ii) very weak peaks at 635 cm-1, 716 cm-1, 810 cm-1,
and 900 cm-1 become more intense, (iii) the peak intensity ratio between the peaks at
1181 cm-1 and 1259 cm-1 decreases, (iv) the peak at 1379 cm-1 becomes a doublet with
decreasing intensity and then the intensity increases as a singlet from pH 1.34, (v) peaks
become more prominent in the 1400 cm-1 to 1550 cm-1 region with increasing pH, (vi) the
peak at 1630 cm-1 becomes more intense, (vii) SERS features vary significantly from pH
changes from 0.75 to 0.87, 2.23 to 3.15, 1.33 to 1.34, 3.20 to 3.40, and 12.20 to 12.40.
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pH = 0.50 to 2.23
Figure 3.15

pH = 3.15 to 10.19

pH = 11.17 to 14.00

SERS spectra 50 µM TBA solution at different pHs with AgNP:

Notes: Plot (A) (a) 0.50, (b) 0.75, (c) 0.87, (d) 1.02, (e) 1.14, (f) 1.25, (g) 1.28, (h) 1.30,
(i) 1.32, (j) 1.33, (k) 1.34, (l) 1.37 (m) 1.42 (n) 1.47, (o) 1.50, (p) 1.58, (q) 2.23,
Plot (B) (a) 3.15, (b) 3.20, (c) 3.37, (d) 3.50, (e) 3.95, (f) 4.88, (g) 6.31, (h) 7.15,
(i) 7.95, (j) 9.19, (k) 10.19,
Plot (C) (a) 11.17, (b) 11.56, (c) 11.76, (d) 11.86, (e)11.99, (f) 12.20, (g) 12.40,
(h) 12.48, (i) 12.64, (j) 12.94, (k) 14.00
(The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 1181 cm-1 898 cm-1 and
900 cm-1 peak for plot (A), (B), and (C) respectively.)
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Figure 3.16

SERS spectra 50 µM TBA solution at different pHs with AuNP: (a) 1.35,
(b) 2.01, (c) 2.81, (d) 3.41, (e) 4.31, (f) 5.94, (g) 7.08, (h) 8.21, (i) 8.80, (j)
9.54, (k) 11.06, (l) 12.21 (m) 12.81.

Notes: The laser power before objective was 3.25 mW. The spectra were scaled and
offset for clarity. Peaks are normalized with respect to the 904 cm-1, respectively.
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Figure 3-16 shows the pH dependent SERS spectra of TBA acquired with AuNP.
SERS spectra shown in Figure 3-16 are normalized with respect to the peak at 904 cm-1
in spectrum (a). Compared to AgNP-based SERS spectra, AuNP-based SERS spectra do
not show significant changes in peak intensities or in peak positions with increasing pH.
In fact, the following observations were made from the careful investigation of the series
of spectra acquired with AuNP as the SERS substrate with the pH change from 1.35 to
12.81: (i) The doublet features of the peak at 597 cm-1 gradually become more prominent,
(ii) the peak at 697 cm-1 gradually disappears, (iii) the peak at 904 cm-1 is insensitive to
pH change, (iv) the intensity ratio of the peaks at 1163 cm-1 and 1218 cm-1 decreases, (v)
the intensity ratio of the peaks at 1273 cm-1 and 1318 cm-1 decreases, (vi) doublet features
of the peak at 1504 cm-1 gradually become more prominent with increasing pH.
According to Figure 3-17, compared to the AgNP-based SERS spectra, the UVVis spectra do not show significant changes in either absorptivity or in the spectral
features. Under acidic conditions, a change in pH from 0.50 to 2.23 causes a large
decrease in absorptivity with constant concentration. At the same time the spectrum at pH
2.23 exhibits a slight peak shift. At pH 3.15, the spectrum becomes completely different
from the spectrum at pH 2.23. A new peak appears at 264 nm, and it exhibits a
comparable absorption with the peak at 282 nm. The peak shift from 237 nm to 243 nm is
significant at the pH change from 2.23 to 3.15. From pH 3.15 to 9.19, peak absorption
maxima do not shift significantly, but absorption at 264 nm gradually increases. The
absorption maxima shift slightly at pH 10.19, but the spectral features do not change.
When the pH changes from 10.19 to 11.17, a peak shift is observed. The spectrum at pH
11.17 has two peaks with comparable absorption. Then again when the pH changes from
11.17 to 12.20, the spectra gradually change with a significant decrease in absorptivity at
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264 nm, and it appears at 260 nm as a shoulder. The absorption maximum at 236 nm
appears as an intense band at very basic conditions.

pH = 0.50 to 2.23
Figure 3.17

pH = 3.15 to 10.19

pH = 11.17 to 14.00

UV-Vis spectra 50 µM TBA solution at different pHs:

Notes: Plot (A) (a) 0.5, (b) 0.75, (c) 0.87, (d) 1.02, (e) 1.14, (f) 1.25, (g) 1.28, (h) 1.30, (i)
1.32, (j) 1.33, (k) 1.34, (l) 1.37 (m) 1.42 (n) 1.47, (o) 1.50, (p) 1.58, (q) 2.23,
Plot (B) (a) 3.15, (b) 3.20, (c) 3.37, (d) 3.50, (e) 3.95, (f) 4.88, (g) 6.31, (h) 7.15,
(i) 7.95, (j) 9.19, (k) 10.19,
Plot (C) (a) 11.17, (b) 11.56, (c) 11.76, (d) 11.86, (e)11.99, (f) 12.20, (g) 12.40,
(h) 12.48, (i) 12.64, (j) 12.94, (k) 14.00 (pathlength is 1 cm).
3.3.6

Density functional (DFT) calculation
In spite of the similarities observed, there are lots of discrepancies associated with

the following computed spectra when they are compared to the experimental spectra: (i)
some computed peak intensities are over- or underestimated, (ii) some peaks in the
calculated spectra have no correspondence with the experimental spectra and vice versa,
(iii) some peaks in the experimental spectra are absent in the calculated spectra and vice
versa. Therefore according to the results, the computed spectra fit fairly poorly with any
of the experimental spectra.
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Figure 3.18

DFT Raman spectra of TBA cationic forms.
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Figure 3.19

DFT Raman spectra of TBA neutral forms.
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Figure 3.19 (continued)
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Figure 3.20

DFT Raman spectra of TBA monoanionic forms
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Figure 3.20 (continued)

Figure 3.21
3.4

DFT Raman spectra of TBA dianionic forms.

Discussion
Due to its tremendous structural complexity, TBA exhibited drastic changes in

SERS spectra acquired with both AgNP and AuNP with the changes in concentration and
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pH. The aim of this thesis is to give insight into and explore new possibilities for these
drastic changes. As shown in Figures 3-8 and 3-9, for AgNP and AuNP respectively,
SERS spectra of TBA exhibited drastic changes, with its concentration. Both SERS
spectra acquired with AgNP and AuNP shows similar trends. Also it is important to note
that the pH of the medium varies throughout the measurement. Therefore both
concentration and the pH can affect the SERS spectra shown in Figures 3-8 and 3-9.
Concentration can affect the TBA SERS spectra in two ways. First, the spectra can be
modified due to formation of dimers or trimers via self- aggregation. According to
Zangquan et al., TBA can induce the aggregation of nanoparticles by hydrogen bonding
to TBA molecules on different AuNPs.11 Further Mendez et al. named these aggregated
particles with 3-D structures as “Thistle” particles as illustrated in Figure 3-22.12 At the
same time, there is a possibility to form hydrogen bonds between the molecules on the
same nanoparticle.20 These two postulates are in conflict with one another. If hydrogen
bonding can occur between TBA molecules on the same nanoparticle, it will reduce
hydrogen bonding between TBA molecules on different nanoparticles, thereby
diminishing the possibility of aggregation of the nanoparticles. On the other hand, even if
the formation of hydrogen bonding is possible, it is very unlikely that hydrogen bonding
can influence the dramatic SERS spectral variation of TBA observed. Rather, it is more
likely that it will produce the observed peak shifts.28, 29 The second way of affecting the
concentration on SERS spectral changes may be due to the change in orientation of TBA
molecules on the nanoparticle surface. According to Fredericks et al. several factors can
affect the orientation of molecule adsorbed on a nanoparticles surface. They are the
structure of the molecule, the mode of the interaction between the molecule and the
surface, the scale of roughness, temperature, steric hindrance, and the concentration of
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the molecule present on the surface.30 Therefore, concentration is not the sole factor that
affects orientation of molecules on the nanoparticle surface. In fact, according to the
earlier reports, an adsorbate can adopt perpendicular orientation in high concentration and
flat orientation in lower concentration.29, 30 At intermediate concentration, molecules can
adopt both perpendicular and flat orientations.30 When molecules are in perpendicular
orientation, the selection rule of electromagnetic enhancement theory predicts that inplane vibrations are enhanced and all the out-of-plane vibrations are silent.28 A similar
kind of concentration-dependent phenomenon can also occur with TBA that changes
SERS spectral features. Therefore, due to the limited availability of space for a molecule,
with higher concentration, molecules obtain a perpendicular orientation in which only
sulfur atoms can interact with the surface. With low concentration, due to the greater
availability of space, they obtain a flat orientation in which both sulfur and nitrogen
atoms can interact with the surface as shown in Figure 3- 22.21
According to the Figure 3-8 and 3-9 for AgNP and AuNP respectively, pH can
also influence the SERS spectra of TBA. The three possible ways that pH can influence
the spectral changes is most likely due to the pH induced tautomerization, ionization, and
hydrogen bonding. Since our hypothesis already rejected the influence of hydrogen
bonding on dramatic changes in SERS spectra, the only possible answer is pH-induced
tautomerization or ionization. The composition of tautomeric and ionic forms of TBA on
nanoparticle surfaces can vary with pH changes upon decreasing concentration.
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Figure 3.22

Schematic representation of tautomerization, ionization, and orientation of
molecules on the nanoparticle surface

According to the UV-Vis spectra of the TBA solution shown in Figure 3-10, each
absorption maximum may correspond to a specific tautomeric or ionic form. This implies
that even though there are many tautomeric forms possible, only one or two tautomers are
stable in a given physical condition. The absorption maxima, observed at 243 nm, 264
nm, and 283 nm, are very consistent with what is reported by Zuman et al.14 The good
linear correlation between the absorbance vs. concentration indicates that the relative
ratio of tautomeric composition in the solution is independent of its concentration. On the
other hand, the most important conclusion is that the formation of dimers or higher
aggregates is completely neglected in the solution because UV-Vis spectra otherwise
exhibit absorption shifts with increasing concentration due to the self aggregation
hydrogen bond donating and hydrogen bond accepting abilities of TBA.31
In order to avoid the complication in the tautomerization and ionization, the SERS
spectra were acquired at three different pH values of 1.2, 6.4, and 12.0 for AgNP and
AuNP In Figure 3-11 and 3-12, it is clearly shown that approximately at pH 1.2 and pH
12.0, spectral changes in the AgNP- and AuNP-based SERS spectra are minimal.
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Therefore, as mentioned earlier, these spectral changes at very low concentration may be
due to the change in orientation of molecules as shown in Figure 3-22,31 but the
composition of tautomeric forms seems to be constant with decreasing concentration.
When the drastic spectral changes observed at 30 mM concentration at three different
pHs (pH 1.2, 6.4, 12.0) are compared, the following conclusions can be made: First, the
change in peak intensities implies that due to the ionization, the orientation of molecules
on the nanoparticle surface changes with increasing pH. At low pH, TBA molecules
obtain a perpendicular orientation in which only the sulfur atom can interact with on the
nanoparticle surface. However, an increase in pH may show more interaction between the
nitrogen atom and the nanoparticles surface. As a result, they obtain a flat orientation in
which both sulfur and nitrogen can interact with the surface, because the molecule
gradually becomes negatively charged with increasing pH. Therefore, as pH increases,
the packing density of TBA on the nanoparticle surface can decrease for the same
concentration. In addition, another reason for decrease in packing density is with
increasing pH is that the repulsion between the negatively charged species on the same
nanoparticle.20 Second, it is expected that with increasing pH, the tautomeric composition
on the nanoparticle surface may also change. In fact, our theoretical results indicate that
at each pH, a mixture of tautomeric forms exists on the nanoparticle surface. Since our
results do not correlate with the any of the computed spectra of tautomeric forms, a
complex mixture of tautomers with several tautomeric and ionic forms are expected on
the nanoparticle surface.
According to Figure 3-13, the different spectral features of UV-Vis spectra in the
solution phase indicate that there are different tautomeric forms present in different pH
conditions.14 The UV-Vis spectra of solutions are mostly concentration independent,
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suggesting the concentration ratio of different TBA tautomers remains constant in
solution at constant pHs. The most important conclusion is that this linear correlation
between absorbance and absolute concentration implies that the formation dimer or
higher aggregates is neglected in any of the pHs. This may imply that under different pH
conditions and in highly polar solvents, hydrogen bonding with solvent molecules is
highly preferred over self-aggregation.
The study of pH dependent SERS and NRS spectra is shown in Figure 3-14. NRS
and SERS spectra exhibit any structural modification of TBA related to tautomerization
or ionization in solution phase and on the nanoparticle surface respectively. The
similarities between the normal and SERS spectra acquired at pH 10.3 and 7.7 indicate
that under those experimental conditions the same composition of tautomeric and ionic
forms may be present. On the other hand, the differences in SERS and NRS spectra at the
same pH imply that different tautomeric and ionic forms are present. In fact, if we
assume that pH change caused by dilution when acquiring the SERS spectra is negligible,
the reason why the pH 7.7 SERS spectra resemble the pH 10.3 NRS spectra can be
explained as follows: When a molecule is adsorbed onto the silver nanoparticle surface,
especially in a solvent with a high dielectric constant such as water, it interacts with the
positively charged surface through a negatively charged sulfur atom. The coulombic
stabilization most probably lowers the pKa value of TBA.28, 29 Therefore it is likely that
the same tautomeric and ionic forms will be present in solution at pH 10.3 and on
nanoparticle surfaces at pH 7.7. On the other hand, the SERS spectrum of TBA on the
nanoparticle surface can be modified from its NRS spectrum in solution due to the
change in charge transfer between ligand and metal, the change in orientation, solvation
state, and the defects on the nanoparticle surfaces.21 Energetic and kinetic factors may
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also result in a different behavior of TBA on the nanoparticle surface than in the solution
phase.21
As can be seen in Figure 3-15 and 3-16 for AgNP and AuNP, peak positions and
the relative intensities in the SERS spectra acquired with AgNP vary significantly with
increasing pH, but in the SERS spectra acquired with AuNP, peak positions and the
relative intensities does not vary significantly. The following conclusions can be made
from the drastic changes in the SERS spectra of TBA: First, the difference in peak
intensities indicates a change of orientation of the molecule on the metal surface as pH
changes because increasing pH may show more interaction between the nitrogen atom
and the nanoparticle surface. The second and most important conclusion is that the
tautomeric and ionic composition adsorbed onto the nanoparticle surface is highly
sensitive to pH changes from 0.75 to 0.87, 2.23 to 3.15, 1.33 to 1.34, 3.20 to 3.40, and
12.20 to 12.40 with AgNP. With AuNP, SERS spectra were only sensitive at the pH
change from 1.35 to 2.01.
Compared to the SERS spectra acquire at different pHs with AgNP, the UV-Vis
spectra shown in Figure 3-16 are less sensitive to pH changes. It can be concluded that
with varying pH, rearrangement to a different tautomeric or ionic structure occurs.
However, it implies that the same mixture of tautomeric forms could exist in the pH
range from 3.15 to 10.19. The results also indicate that two pKa values lie in the
transition from pH 2.23 to 3.15 and 10.19 to 11.17. This is consistent with the results of
Zuman et al.14
In spite of these observations, a firm conclusion about the tautomeric or ionic
forms present in solution and on nanoparticle surfaces cannot be made from our
theoretical calculations. This is due to the moderate agreement between the DFT spectra
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with the experimental spectra; there are many discrepancies between the DFT and
experimental spectra as discussed above. The major reason for these discrepancies is that
the behavior of TBA in a solution and on the nanoparticle surface is much more complex
than expected. The reason for this kind of complexity is that TBA in a solution and on the
nanoparticle surface exhibits a combination effect of tautomerization and ionization
under different pH conditions. Therefore it is very difficult to decompose the spectra. The
second reason is that the computed spectra are oversimplified. Theoretical spectra are
calculated in gas phase, but the experimental spectra illustrate any structural modification
in solution phase and on the nanoparticle surface. Solvent effects are not considered in
those calculations. The third reason is that modulations in SERS intensities due to the
chemisorption and also physisorption in the preferred orientation may produce a
drastically different new spectrum. As a result, the relative intensities of certain Raman
shifts are preferentially enhanced.29 This makes the SERS and NRS peak assignment
difficult. Therefore a more systematic study of the theoretical calculation is required.
3.5

Conclusion
According to the experimental observations there is a strong concentration and pH

dependency in the SERS spectra which is governed by the combined effects of
tautomerization, ionization, and orientation of the molecule on nanoparticles. The UVVis spectra of solutions are mostly concentration independent, suggesting the
concentration ratio of different TBA tautomers remains constant in solution at constant
pH. The most important conclusion is that in highly polar solvents such as water, selfaggregation is absent. The computed spectra fit fairly poorly with computed spectra. This
implies that at each different pH condition a complex mixture with several tautomeric
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and ionic forms is present due to the combined effect of tautomerization and ionization.
Therefore a more systematic study of the theoretical calculation is necessary.
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CHAPTER IV
CONCLUSIONS
In chapter 2, we have demonstrated for the first time the study of SERS-based
detection of MDA using the conventional TBA/MDA reaction. Indeed, with its ability to
form covalent linkages with silver and gold nanoparticles, essentially all thiol or thione
containing compounds such as TBA-MDA adduct are amenable for SERS detection. The
lowest concentration of HPLC purified TBA-MDA that can be determined with a
reasonable signal to noise ratio is 0.45 nM which is approximately 100 times better than
the detection limit reported recently with the HPLC-fluorescence detection method.1 This
sensitivity can be further improved using much a lower laser wavelength close to the
electronic absorption of TBA-MDA at 532 nm that will enhance the detection sensitivity
by increasing the preresonance enhancement. The 5 orders of magnitude of the linear
dynamic range of this SERS method vary from 0.45 nM to 4.5 µM. The current effort is
on improving the quantification accuracy of the current SERS-based method. SERS is
always subjected to intensity variation due to the low reproducibility of SERS substrate
and the intensity fluctuation of the excitation wavelength.2 Therefore, one possible
approach is to develop an isotope substituted TBA-MDA as isotope encoded SERS
internal references (IESIR). As we have demonstrated previously with the IESIR method,
the SERS quantification error can be reduced to less than 3%.2 Such a quantification
accuracy can be of great significance for MDA detection in clinical analysis where even
10% variation in a small tissue sample can be biomedically significant. In addition to its
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potentially high SERS detection sensitivity, the fingerprint-like information provided in
the SERS measurement allows differentiation of TBA-MDA adduct from the TBA
adducts with other carbonyl containing compounds, improving the robustness of the
MDA detection method.
In chapter 3, the concentration and pH dependence of the SERS spectra of TBA
were studied. As a small organothiol compound, TBA exhibits tremendous structural
complexity. Despite the extensive experimental and theoretical work on TBA and TBA
reactive compounds (TBARCs), systematic SERS study of TBA has not been reported.
As discussed in chapter 3, TBA exhibits drastic pH and concentration dependence of its
SERS spectral features. This implies that SERS spectra of TBA are sensitive to its
conformation and the nature of the medium. TBA is a widely used probe for
determination of biologically active molecules. Since TBA is an organothiol, as
demonstrated in the chapter 2, TBA can be used as a very good probe for the SERS
determination of TBARCs. Hence, this type of study would be very important in
characterization of TBA adducts of TBARCs. Density functional calculations (DFT)
were performed for different TBA tautomers with different charge states. Our DFT
calculations were aimed at describing the tautomeric and ionic forms present on the
nanoparticle surface or in the solution under defined experimental conditions. However,
the computed spectra of tautomeric or ionic forms of TBA fit fairly poorly with all of the
experimental Raman spectra. Since there are lots of discrepancies associated with
computed and experimental spectra, we are unable to reveal the tautomeric and ionic
forms of TBA in solution and on the nanoparticle surfaces by NRS spectroscopy and
SERS respectively. The best possible conclusion that can be made from our result is that
the tautomeric or ionic forms present in solution or on the nanoparticle surface are a very
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complex mixture. The reasons for the complexity of SERS and NRS spectra exhibited
with its concentration and the pH of the medium are the combination effect of
tautomerization, ionization, and orientation of the molecule on the nanoparticle surface.
Therefore more systematic study of computational calculations is required. The UV-Vis
spectra of solutions are mostly concentration independent which suggests the
concentration ratio of different TBA tautomers remains constant in solution at constant
pHs. The most important conclusion that can be made from our UV-Vis spectra is that in
highly polar solvents, such as water, the self-aggregation is absent and hydrogen bonding
with solvent molecules may be highly preferred. Therefore the formation of dimers or
higher aggregates can be excluded for the concentration range we studied. The pH does
not induce the self-aggregation of TBA in highly polar solvents such as water over the
concentration range we investigated. Most probably the nature of the solvent may affect
the degree of self-aggregation of TBA. Therefore the effect of solvent on the selfaggregation of TBA needs to be further analyzed under different experimental conditions.
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